Aims: The receptor tyrosine kinase ErbB4 is present throughout the primate brain and has a distinct functional profile. In this study, we investigate the potential role of endothelial ErbB4 receptor signaling in the brain.
The expression of ErbB receptors has also been described on cardiac and tumor endothelial cells, where they play a role in the stress response, cell proliferation, migration, and cytokine signaling. [4] [5] [6] Cardiac endothelial cells regulate reactive oxygen species-induced cardiomyocyte apoptosis through neuregulin-1β/ErbB4 signaling. 4 
Endothelial
ErbB4 receptor stimulation by neuregulin leads to proliferation and morphogenic changes, which are consistent with an angiogenic response in endothelial cells. 7 Therefore, this finding suggested the possibility that dysregulation of the endothelial ErbB4 receptor may cause pathological changes in brain functions.
Notably, caffeine-induced increases in cytosolic Ca 2+ mediate a metalloproteinase-dependent release of neuregulins and subsequently stimulate activation of ErbB4, the latter of which is necessary for Ca
2+
-derived effects on glucose transport during muscle contraction. 8 Knockdown of ErbB4 reduces Akt phosphorylation and blocks glucose
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uptake in neonatal rat cardiomyocytes. 9 Glucose is the primary energy substrate for brain, and abnormalities in brain energy metabolism are observed in neurodegenerative diseases. 10, 11 Therefore, these findings raise an interesting question: Specifically, whether endothelial ErbB4 plays a critical role in the modulation of brain energy metabolism?
Here, we use a combination of endothelial-specific gene knockdown and neurochemical strategies and investigate changes in neurobehavioral features and the potential underlying mechanisms.
This study is the first to reveal that endothelial ErbB4 plays a critical role in the modulation of exploratory behavior through maintaining normal brain energy metabolism and provides insight into potential pathogenic mechanisms and therapeutic strategies for neurological disorders.
| MATERIALS AND METHODS

| Experimental animals
ErbB4 conditional KO mice were generated by a loxP/Cre strategy.
Cdh5-Cre mice (Stock No. 017968, The Jackson Laboratory, Bar
Harbor, ME, USA) were crossed with mice carrying a loxP-flanked ErbB4 gene 12 to generate Cdh5-Cre;ErbB4 −/− (Cdh5-Cre;ErbB4
loxP/loxP
).
The mice were housed under climate-controlled conditions with a 12-hour light/dark cycle and provided access to standard food and water.
The animals acclimated to their environment for at least 1 week before the initiation of the experimental protocols. All experimental protocols and animal handling procedures were approved by the Committee for Animal Experiments at Zhejiang University in China.
| Behavioral analyses
The experimenter conducting the experiments and scoring the behavior was blinded to the genotype of the mice. Open-field, Y-maze, and
novel object exploration tests were tested with Batch I of male mice.
Novel object recognition task, step-through passive avoidance task, Morris water maze, and memory reconsolidation task were tested with a separate batch of male mice (Batch II).
| Open-field test
Each subject was allowed to move freely in the open-field apparatus (40×40×30 cm) for 10 minutes. The total distance traveled, number of rearings, entries to the center zone, and time in the center zone were recorded using EthoVision XT 10 software (Noldus Information Technology, Wageningen, the Netherlands).
| Y-maze
To study the behavior of the Cdh5Cre;ErbB4 f/f mice relative to normal mice, exploratory activity was measured using a Y-maze apparatus (arm length: 40 cm, arm bottom width: 3 cm, arm upper width: 10 cm, height of wall: 12 cm). In this paradigm, a mouse was placed at the end of one fixed arm and allowed to freely explore the three arms of the maze during an 8-minute session. The number of entries and spontaneous alternations were recorded as previously described. 
| Novel object exploration test
This task is based on the tendency of rodents to explore a new object. The mice were individually habituated to an open-field box (30×45×30 cm) and were allowed to explore freely for 30 minutes.
A ball (40 mm diameter) was suspended at the midpoint of a wall of a box at 7 cm above the bedding so that it was just out of reach of a mouse. Exploration was defined as a mouse rearing and sniffing or touching the stimulus object with its nose and/or forepaws. The exploratory time was scored during a 10-minute period.
| Step-through passive avoidance task
Training and retention trials of the passive avoidance task were conducted in an apparatus that consisted of both dark (25×25×25 cm) and illuminated (14×10×25 cm) chambers, as previously described.
14 During the training trials, each mouse was placed in the illuminated chamber. Once the mouse entered the dark chamber, a punishing electric shock (1 mA for 500 ms) was delivered through the grid floor.
The latency times for entering the dark compartment were measured in the retention test to assess the level of memory retention.
| Novel object recognition task
Behavioral testing was carried out according to a previously validated method. 15 Briefly, two identical objects (A and B) were placed in the center of a chamber for 15 minutes during the acquisition phases.
During the retention trial, object B was replaced with a novel object (C), and the exploration time of each object (A and C) was assessed for 5 minutes. The discrimination index (%)=Exploration times of Novel (C)/Total Exploration times (A+C).
| Morris water maze
The assessment of spatial learning and memory in the Cdh5Cre;ErbB4 f/f mice and WT mice was carried out using the Morris water maze. The acquisition procedures were conducted in a 1.2-m-diameter tank with spatial cues. 16 The invisible platform was maintained in the opposite location during the acquisition training phase. Four trials per day with an interval of 10 minutes were conducted each day. The mice were released from different starting points at the beginning of each trial.
17
The swim path of each subject was analyzed by EthoVision XT 10 software (Noldus Information Technology), and the latency to find the platform was calculated. On day 5, the platform crossing was counted and time in the target quadrant was calculated.
| Memory reconsolidation test
Testing for memory reconsolidation function was determined according to a previously reported method. 18 The apparatus consisted of a square arena (60×60×40 cm) with a bedding covered floor in a room with dim lighting. Object A was a wooden cube (3 cm in length, 10 cm in height), object B was a tri-prism (3 cm in length, 10 cm in height), and object C was a plastic ball (table tennis ball) . Briefly, the Cdh5Cre;ErbB4 f/f and WT mice were exposed to object A and object B for four blocks of two 5-minute trials, with a 60-minute interval between blocks and a 15-minute interval between trials in the training session. In the memory reactivation session, the mice were reintroduced to object A and object B for 5 minutes. To test reconsolidation of memory for objects A and B, a 5-minute memory retention test was carried out at 24 hours after reactivation by replacing object B with object C. Exploration of objects was defined as touching or sniffing the object. The preference index calculated for each mouse is a ratio of the amount of time spent exploring object B or object C over the total time spent exploring the two objects.
|
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F-FDG-microPET/CT Images and Quantitative Analysis
A high-resolution microPET/CT scanner (Siemens Preclinical Solution USA, Inc., Knoxville, TN, USA) was used for brain metabolism imaging.
19 A 10-minute CT and 10-minute PET static acquisition was per- 
| Immunohistochemistry
Mice were anesthetized and transcardially perfusion fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS). 
| Statistical analysis
Statistical analyses were carried out using GraphPad Prism 6
(GraphPad Software, San Diego, CA, USA). For the behavior assays, unpaired two-tailed Student's t test, two-way ANOVA with repeated measures with sessions as a within-subjects factor and genotype as a between-subjects factor were used to determine the differences.
For microPET images and Western blot analysis, unpaired two-tailed Student's t test was used. Results are shown as mean±SEM, and P<.05 was considered to be statistically significant.
| RESULTS
| Loss of ErbB4 in endothelial cells leads to impairment of exploratory behavior in adult mice
To inhibit ErbB4 expression more selectively in endothelial cells, mice carrying a loxP-flanked ErbB4 gene 12 were crossed with Cdh5-Cre mice to produce conditional ErbB4 knockout mice (Cdh5Cre;ErbB4 f/f ; Figure 1A ,B). The endothelial-specific ErbB4 conditional knockout mice survive to birth, and the body weight of these mice was indistinguishable from that of the control ErbB4 f/f and WT littermates. To assess exploration behavior, the distance traveled, number of rearings, and entries to the center in the open-field test were measured.
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During the 10-minute test period, the Cdh5Cre;ErbB4 f/f mice exhibited reduced distance traveled, decreased entries to the center area, and less vertical activity than the WT mice (Figure 2A) . However, the time Figure 2B ). To further verify the data, the novel object exploration test was performed in the present study. As shown in Figure 2C , compared with the WT mice, the Cdh5Cre;ErbB4 f/f mice exhibited significantly reduced preference to explore a novel object, as indicated by decreased rearing behaviors. Together, the above results suggest that the Cdh5Cre;ErbB4 f/f mice have lower levels of exploration activity as measured by these particular behavior tests.
| Cdh5Cre;ErbB4 f/f mice show no deficits in learning and memory function
To measure changes in higher order cognitive processes, such as learning and memory, we assessed the mice with a set of behavioral tasks. 13, 23 The novel object recognition task was performed to test working memory; we found there was no difference in the discrimination index between the Cdh5Cre;ErbB4 f/f mice and WT mice ( Figure 3A ). It should be noted that the Cdh5Cre;ErbB4 f/f touched the novel object significantly less than the WT mice, which indicated the lower exploratory activity in the Cdh5Cre;ErbB4 f/f mice. This result is consistent with our experiments shown in Figure 3 . In the step-through passive avoidance task, we observed that the latency to enter into the dark compartment did not differ between the two genotypes (F (1,16)=0.058, P=.813; Figure 3B ). We next compared the behavior changes in the Morris water maze test between the Cdh5Cre;ErbB4 f/f and WT mice in an attempt to link the endothelial ErbB4 deficit with cognitive dysfunction. As shown in Figure 3C , no difference was observed in the latency to find the platform on days Figure 3C) . Furthermore, our data demonstrated that the mice had no preference for either objects one or two during training or memory reactivation, and a preferential exploration of object C over object A during testing was observed in both groups in the memory reconsolidation test ( Figure 3D ). However, we observed that a preferential exploration of object C did not differ between the two genotypes (F (1,10)=0.05, P=.828; Figure 3D ). Therefore, our data indicate that conditional knockout of ErbB4 in endothelial cells did not impair working memory, memory acquisition, retrieval, and reconsolidation in mice. Consistently, compared with the WT mice, there were no significant changes observed in the phosphorylation of CaMKII (Thr286) in the hippocampus of the Cdh5Cre;ErbB4 f/f mice ( Figure 4 ).
| Effects of endothelial ErbB4 deficit on brain glucose metabolism
NRG1β regulates glucose uptake via ErbB2/ErbB4 heterodimers in cardiomyocytes 9 and muscle fibers. 8 However, the role of endothelial Thus, the amount of FDG uptake in brain tissue reflects metabolic activity. 25 As shown in Figure 5A , the metabolic activity reflected Figure 5B ). Thus, we provide evidence that endothelial ErbB4 receptors are a key element involved in energy metabolism for brain function.
| The potential mechanism of decreased brain glucose metabolism in Cdh5Cre;ErbB4 f/f mice
Brain function can be stressed by glucose deprivation, which causes human neuronal cell dysfunction or injury. 26, 27 Brain energy metabolism is regionally heterogeneous and is coupled tightly to the functional activation of specific neuronal pathways. 28 In an effort to develop a comprehensive understanding of the proteins involved in the disturbance of brain glucose metabolism, proteins involved in glucose utilization were examined in the Cdh5Cre;ErbB4 f/f mice. Neuregulins stimulate glucose transport through recruitment of glucose transporters to surface membranes in skeletal muscle in which activation of ErbB4 is necessary for Ca
2+
-derived effects on glucose transport. 8 The 55-kDa form of GLUT1 is expressed in the brain capillaries and thus represents the limiting step in the transport of glucose from the blood to brain parenchyma. 29, 30 Interestingly, our data revealed significantly decreased GLUT1 protein expression in the cortex of Cdh5Cre;ErbB4 f/f mice compared to that in the WT mice ( Figure 6A,B) . Mechanistically, this effect could potentially be attributed to a reduction in glucose uptake. AMPK is ubiquitously expressed in mammalian cells, where it is involved in the response to a variety of metabolic stressors that disturb cellular energy homeostasis. 31, 32 Phosphorylation of ULK1
by AMPK at Ser555 is critical for autophagosome biogenesis and energy homeostasis. 33 Here, we found that the endothelial ErbB4 where it activates phosphofructokinase-2 to inhibit glycolysis.
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TIGAR protects cerebral function by promoting flux through the pentose phosphate pathway and increasing levels of NADPH. 35, 36 In the present study, immunoblot data revealed that the endothelial ErbB4 deficit leads to significant downregulation of TIGAR protein levels in the Cdh5Cre;ErbB4 f/f mice ( Figure 6A,D) . Therefore, the endothelial ErbB4 deficit leads to a disturbance in cellular energy homeostasis, which may be induced by the reduction in glucose uptake and an imbalance of the glycolysis/pentose phosphate pathway in adult mice.
| DISCUSSION
In the present study, we used both endothelial-specific gene knockdown and neurobehavioral strategies. Here, we provide evidence that deletion of the endothelial ErbB4 receptor is associated with reduced glucose transport ability and is a key element involved in energy metabolism for brain function in vivo. The endothelial ErbB4 deletion induced impairment in exploratory activity in adult mice, which may be due to the decreased brain energy metabolism. Our study provides insight into the potential pathophysiological mechanisms of endothelial ErbB4 and therapeutic strategies for neurological disorders.
In our experiments, the Cdh5Cre;ErbB4 f/f mice showed no changes in working memory, memory acquisition, retrieval, and reconsolidation as revealed by the Morris water maze test, step-through passive avoidance task, and memory reconsolidation test. We also detected no changes in the expression of phosphorylated CaMKII in the hippocampus of the by AMPK at Ser555 is critically involved in metabolic stress. 38 TIGAR inhibits glycolysis and promotes the pentose phosphate pathway.
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In support of a critical role of endothelial ErbB4 in the regulation of brain energy metabolism, the immunoblot data revealed the significant downregulation of brain Glut1, phospho-ULK1 (ser555), and TIGAR in endothelial ErbB4-deficient mice. Previous studies have indicated that impaired glucose uptake and metabolism are associated with decreased exploratory behavior. 39 Hence, the reduction in glucose uptake and the imbalance of the glycolysis/pentose phosphate pathway may participate in the disturbance of cellular energy homeostasis in the Cdh5Cre;ErbB4 f/f mice.
The paracrine signaling system consisting of endocardium-derived NRG-1 signaling via the ErbB2/ErbB4 heterodimer in cardiomyocytes is necessary for normal heart development. 9 These data raise questions regarding whether the NRG-1 levels significantly changed in the Cdh5Cre;ErbB4f/f mice. The immunohistochemistry data revealed that NRG1β is highly enriched in neurons; however, there are no significant changes in its expression in the Cdh5Cre;ErbB4 f/f mice ( Figure   S1 ). Recent interdisciplinary studies from the neuroendocrinology and neuroimmunology fields have revealed that metabolic disorders can trigger intracellular stressors that cause inflammatory cascades. 40, 41 Here, our findings reveal that no obvious inflammatory events occur in the brain of the Cdh5Cre;ErbB4 f/f mice, as indicated by the immunostaining of IL-1β ( Figure S1 ). Alternatively, future studies are required to investigate the metabolic complementarity effect between other ErbB isoforms and ErbB4 in endothelial ErbB4-deficient mice.
In summary, we uncovered a role for endothelial ErbB4 in regulating several of the neurochemical functions of the brain. Endothelial
ErbB4 plays a critical role in regulating brain function, at least in part, through maintaining normal brain energy homeostasis. This finding suggests that modulation of endothelial ErbB4 may lead to novel therapeutic strategies to ameliorate the neurological deficits associated with brain metabolism disorders.
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